The availability of spatial light modulators as standard turnkey components and their ongoing development makes them attractive for a huge variety of optical measurement systems in industry and research. Here, we outline two examples of how optical measurements can benefit from spatial light modulators.
I. FLEXIBLE LASER-INDUCED ULTRASOUND FIELD GENERATION USING SPATIAL LIGHT

MODULATORS Introduction
Ultrasound testing has become an indispensable tool in the field of industrial inspection, e.g. for the detection of defects in technical components. Conventionally, ultrasound transducers are applied in contact to the specimen, which is not always possible e.g. in the case of curved contact surfaces or if the samples exceed the Curie temperature of common piezo transducers. This problem can be solved with contact-free measurements using laser-induced ultrasound. Here, ultrasound waves are generated by short laser pulses and detected using laser vibrometers [1] . In solid samples, the sound field of the shear waves for a point-wise excitation in the thermoelastic regime is commonly a hollow cone with a large cone angle. This is usually the case for focused lasers with a standard Gaussian intensity profile. Measurements hence suffer from only a poor spatial selectivity and limited measurement depth. This problem can be overcome if the laser beam used for excitation is formed to a ring. The axial depth of the shear wave focus depends on the diameter of the ring. Shaping a laser beam to a ring-like profile can be performed with diffractive or refractive optical elements, as has been shown e.g. by using axicons [2] . Fixedform optical components, however, have the disadvantage that they are bound to a given set of parameters, hence allowing only a limited flexibility. First, the incident laser beam must usually have a well-defined and known intensity profile, e.g. a Gaussian profile, to generate the desired output profile. Second, the parameter of the output beam, e.g. the ring diameter, can be varied only within defined limits. Here, laser-induced ultrasound can benefit from modern spatial light modulators, since they offer a high degree of freedom; common liquid-crystal on silicon (LCoS) spatial light modulators for example can have more than ten Mega-pixels. Recently, a spatial light modulator was used to account for changing light absorption rates in composite materials [3] for a homogeneous excitation of ultrasound in fibers and matrix material, thus avoiding damage to the sample. Here, we demonstrate how the possibilities of spatial light modulators can be exploited to achieve highly flexible ultrasound focus generation within solid-state samples.
Experimental Setup and Results
We apply a MEMS (Micro Electro Mechanical System) spatial light modular (Fraunhofer Institute for Photonic Microsystems, Dresden/Germany) as the key component. It is a piston-type, phase-only modulator with an array of 200 x 240 micro-mirrors, which is sufficient for the desired beam shaping application. It was built monolithically from low-temperature sputtered amorphous TiAl with integrated CMOS address circuitry and has a fill factor of about 80 %. In contrast to liquid-crystal spatial light modulators (e.g. LCoS), the MEMS modulator can work independently of the polarization state of the incident light and offers with 250 Hz a much faster frame rate, making the modulator ideal for fast scanning applications. For reasons of strain relaxation, the duty cycle of the modulator is limited to 5 %, which was not of importance here due to the pulsed laser application. The laser-ultrasound setup, as depicted in Fig.1 a) , uses a q-switched, frequency-doubled Nd:YAG laser as light source (wavelength 532 nm, pulse width of 5 ns, max. repetition rate of 15 Hz). The original beam of the laser is directed onto the phase modulator and the shaped beam reflected hereof is guided onto the sample (aluminium plate of 3 mm thickness). Polarization optics is used to separate the beam incident on the modulator from the outgoing one. The laser energy was adjusted to 880 μJ per pulse at a repetition rate of 12 Hz, resulting in a radiant fluence ranging from 1.1 MJ/cm 2 to 13 MJ/cm 2 , depending on the ring diameter. The generated sound field is detected on the backside of the sample using a laser vibrometer (Polytec OFV-503, 
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24 MHz frequency resolution) which is synchronised with the laser and the modulator. For means of beam shaping and observation, a camera is placed at the same distance from the modulator as the sample under investigation. Beam shaping is performed in two steps: First, the phase and amplitude distribution of the original beam have to be recovered. We do this by using a phase retrieval procedure based on the Gerchberg-Saxton algorithm [4, 5] , since this offers high spatial resolution while maintaining a simple setup as compared to other phase retrieval techniques like holography. In this procedure, known phase masks are displayed on the modulator and the corresponding intensity distributions on the camera are recorded. Both information are then used to iteratively reconstruct the original wavefront. Knowing the original wavefront, one can use this as input for the generation of a phase mask, which projects the desired intensity distribution onto the sample. For the generation of this phase mask, we are using an input-output-type phase retrieval algorithm as introduced by Fienup [6] . It is easy to implement, offers high diffraction efficiency and converges in a timely fashion. Thus, arbitrary intensity distributions on the sample can be generated from arbitrary input wavefronts. The generation of all phase masks for a single measurement can take several minutes, but is of little consequence for the overall measurement time, since all masks are being calculated prior to the measurement itself. Results are displayed in Fig. 2 . Fig 2 a) shows two examples of the laser intensity profile after the beam shaping as it appears on the sample. Perfect rings with rectangular cross-sections were obtained. The superimposed speckle noise had no effect on the generated sound field due to its stochastic character. If a ring-profile is used for ultrasound field excitation, the partial ultrasound waves from each point of the ring will superpose in such a way in the sample that a focus is generated, see Fig. 1 b) . The axial depth z of the focus within the sample is given by: 
where Θ is the directivity angle of the main lobe of the sound field, depending on Poisson's ratio and Young's modulus. Obviously, the focus depth can be changed by varying the ring diameter of the excitation beam [7, 8] . This is depicted in Fig. 2 b) which shows the amplitude of the sound field at the backside of the aluminum sample for different ring diameters. Results are normalised by the overall beam intensity to account for the intensity dependence of ultrasound generation. As the focus is scanned through the backside of the sample (=measurement plane), the amplitude first increases and decreases again after running through a maximum.
The maximum corresponds to the situation at which the focus coincides with the backside. Inserting the sample thickness of 3 mm and the ring diameter of the maximum (4 mm) in the equation above yields an angle of the main ultrasound lobe of 34°, which is in good agreement with common values from literature [1] . a) b)
Fig. 2: a) Generated intensity distributions: rings with 2 mm (top) and 4 mm (bottom) diameter and 250 µm thickness; scales are in millimeters. b) Measured surface displacement of the backside of the sample for different ring diameters at the front side. As the ring diameter is increased, the focus is shifted axially through the backplane. A maximum occurs when the focus coincides with the backside.
Changing the ring diameter allows for a depth scan of the focus (z axis, "A-scan"). To realise a scan in the two transverse directions (x and y axes, "C-scan"), the phase mask can be computed in such a way that the outgoing beam leaves the modulator under a desired deflection angle. Hence, every x-, y-, z-position is represented by a different phase mask. As a consequence, a fast 3D scan of the ultrasound focus can be accomplished without mechanically moved parts by displaying the corresponding phase masks on the spatial light modulator, where the scanning speed is just limited by the maximum frame rate of the modulator. Particle Image Velocimetry is an imaging-based flow velocity measurement technique, which is based on the correlation of two images of a particle-laden flow taken subsequently in a distinct time interval Δt [16] . Particle images are subdivided into interrogation windows and for each interrogation window a velocity vector is calculated from the particle shift which is obtained by a cross-correlation. The aim of our experiments was to investigate the effects of optical distortions on the velocity measurements and to demonstrate the possibility of error correction using adaptive optics.
II. UNCER Introductio
The test flow was a laminar water flow in a rectangular channel, which was illuminated with a horizontal laser light sheet. The light sheet was observed with two cameras, one from the top and one through the bottom of the channel. Both cameras were synchronized by an external trigger and operated at a frame rate of 100 Hz. The cameras were calibrated such that they captured the same field of view. In the upper (measurement) path, the optical distortions were introduced. It contained also a deformable membrane mirror (DMM), co. ALPAO/France, type DM 69, with 69 elements to correct for the introduced distortion. The influence of the free water/air interface was neglected since the flow was sufficiently slow. Open-source software PIVlab [17] was used for PIV image processing.
A lens with f= 140 mm focal length, acting as a defocus aberration, was inserted into the measurement path as an example and the flow was measured while the deformable mirror was set plane. In Fig. 4 , the distorted measured velocity field (upper camera) is opposed to the measured velocity field without distortion (lower camera). It gets obvious that the velocity measurement with the distortion suffers from strong systematic deviation; the mean velocity of the entire field is seemingly increased from 2.25 m/s to 3.12 m/s, corresponding to a relative increase of 39 %. At the same time, the statistical error is increased, here from 6.9 % to 11.2 %. This is due to the fact that the particle images become blurred from the distortion and hence the crosscorrelation peak, which is the basis for the calculation of the velocity, is broadened. As a result, the presence of optical distortions in the optical measurement path leads to an increase of both the systematic and the statistic measurement error. 
Image correction using adaptive optics
Adaptive optical systems for wavefront correction usually consist of a wavefront sensor, a control algorithm, and a spatial light modulator in closed-loop operation. On the other hand, the setup can be simplified if the wavefront sensor is omitted and the wavefront is estimated indirectly, which is possible under some circumstances, e.g. at imaging techniques. To this end, a quality metric has to be introduced [18] that is derived from the image and that is maximised iteratively. Here we used the maximum gradient of the PIV particle image as a sharpness metric. The optimisation started with the 4th order Zernike polynomial (defocus) using Noll's sequential notation to be displayed at the DMM. Lower order Zernike polynomials result only in a transverse shift of the particle image, which does not affect the velocity measurement. A genetic algorithm was employed to find the optimum amplitude for the given polynomial. This procedure was repeated for all other Zernike polynomials until the 15 th Zernike mode. This was the maximum order that can be displayed on the DMM and hence be corrected.
Results
An example of the results of the optimisation process in displayed in Fig. 5. Figs. 5 a)-c) show the images of the particles from the flow. With present distortion, particle images appear blurred (b) compared to the undistorted case (a). The image optimisation increases the sharpness (c) and the particle image appear almost as sharp as in the undistorted case. Figs. 5 d)-f) show the difference of the velocity fields from the upper and lower camera, i.e. from the distorted to the undistorted case. In the ideal, undistorted case (d) this would be zero since both cameras measure the same flow field (finite difference values are caused by camera noise and remaining alignment error). With a distortion introduced (e), a significant difference occurs revealing a systematic measurement deviation, which is almost vanishing to zero again (f) after the optimisation process. Furthermore, introducing the distortion is accompanied by an increase of the standard deviation by a factor of two (not shown), which is reduced by the same factor after optimisation. 
III. CONCLUSION
Measurement and testing systems can benefit from the possibilities of commonly available spatial light modulators. These devices can transform the laser intensity profile into any desired profile wherever the standard Gaussian beam profile emitted from most lasers is not suited for the application. Here we addressed laser-induced ultrasound generation, where laser beam shaping allows not only for a quantitative, but also for a qualitative improvement. Shaping the profile of the excitation beam to a ring allows for the generation of a focus of the ultrasound beam within the sample, which is not possible with a standard Gaussian beam. In contrast to standard fixed-form refractive or diffractive beam shaping elements, spatial light modulators offer a high flexibility for the application: First, the desired intensity profile, here the ring, can be generated independently of the profile of the incident laser beam, what we achieved by applying an iterative, fast-converging phase retrieval algorithm. Second, the ultrasound focus can be traversed in all three directions in space without mechanically moved parts by displaying different phase masks on the modulator. Changing the ring diameter will shift the focus in the axial direction while a computed beam deflection will traverse the focus in the lateral directions. The scanning speed is mainly limited by the frame rate of the modulator. Moreover, spatial light modulators can help to reduce measurement errors in optical measurement systems. Such errors can be introduced by variations of the refractive index, either by refractive index fields like temperature or concentration gradients or by phase boundaries between two media of different optical density. We presented a PIV flow measurement system that was equipped with a 69-element deformable membrane mirror. The AO wavefront correction system is based on a sensor-free configuration which optimises the particle images iteratively by means of a quality metric. It was demonstrated that in the presence of an optical distortion measurement errors arise and that these can be reduced significantly by the adaptive-optical image correction.
